ABSTRACT
Vesicular stomatitis virus (VSV) infection of immunocompetent mice induces a rapid neutralizing IgM response, which occurs independently of T cell help, followed by production of neutralizing IgG antibodies that are strictly dependent on T cell help (1) . Although VSV also induces cytotoxic T lymphocytes (2, 3) , the neutralizing IgG response seems to be crucial for recovery from primary infections (4) . The generation of high-affinity antibodies and class switching from IgM to IgG is usually the result of cognate interactions between antigenspecific B cells and CD4 ϩ ␣␤ T cells, the latter secreting cytokines that regulate Ig isotype switching (5-7). These T-dependent B cell responses are accompanied by the formation of specialized microenvironments, germinal centers (GC), within which somatic mutation and affinity maturation occur (8, 9) .
However, evidence is growing that there may be alternative, albeit less efficient, mechanisms for the generation of IgG antibody responses. For example, mice that have been rendered T cell-deficient by targeted disruption of the TCR␣ gene (TCR␣ Ϫ͞Ϫ ) exhibit elevated serum IgG levels and enhanced numbers of GC in comparison to TCR␣ ϩ͞Ϫ littermates (10) (11) (12) . Furthermore, athymic nude mice, although generally having low levels of IgG antibodies and few GC, can produce VSV-specific IgG antibodies (13) and can clear intracerebral sindbis virus infection (14) . Finally, in the case of polyoma virus infection of T cell-deficient mice, it was recently shown that B cells alone were capable of mounting a protective T cell-independent antiviral antibody response, including the production of IgG antibodies (15) .
In this study, we have examined the anti-viral antibody responses of T cell-deficient mice infected with VSV and have characterized the factors involved in the generation of Tindependent anti-viral IgG responses. Viruses, Immunization, Measurement of VSV-Specific Antibody Responses, and Immunohistology. VSV Indiana (VSV-IND, Mudd-Summers isolate) was used in this study and was propagated and UV-inactivated (UV-VSV) as described previously (18, 19) . Recombinant vaccinia viruses expressing the VSV-IND surface glycoprotein (Vacc-IND-G) or lymphocytic choriomeningitis virus nucleoprotein (Vacc-LCMV-NP) or murine interferon ␥ (Vacc-IFN-␥) were prepared as described previously (20, 21) .
MATERIALS AND METHODS

Mice
Mice were immunized i.v. with 2 ϫ 10 6 pfu of infectious VSV-IND, UV-VSV, or Vacc-IND-G. VSV-neutralizing IgM and IgG antibody titers were assayed as described (22, 23) . Mean titers from groups of three mice are shown, and intragroup variations were Յ2 titer steps. The isotype distribution of VSV-specific IgG was determined by ELISA on VSVcoated plates (24) . Immunohistological analysis of frozen spleen sections was performed as described previously (25) .
Reagents for in Vivo Depletions. To deplete T cell or natural killer (NK) cell populations in vivo, mice were injected i.p. with 0.5 mg anti-Thy1.2 mAb (26) or with polyclonal rabbit antiAsialoGM1 antiserum (Waco) on days 3 and 1 before immunization. Antibody treatments were repeated on days 5 and 11 after immunization. IFN-␥ was depleted by daily i.p. injection of 0.2 ml of a polyclonal sheep antiserum (27) , commencing 24 h before immunization. For complement depletion, 1.2 g purified cobra venom factor (CVF) (Naja naja, Sigma) in 200 l balanced salt solution (BSS) was injected twice i.p., with an interval of 8-10 h, and mice were immunized 16 h later (28) .
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. (29, 30) , by using a Cytostain kit (PharMingen). T cell subsets were distinguished by staining beforehand with biotinylated anti-TCR␤ or anti-TCR␦ (both PharMingen), followed by tricolor-streptavidin (Caltag, South San Francisco, CA). Samples were analyzed by using a FACScan (Becton Dickinson).
Adoptive Transfer of Memory B Cells. The presence of memory B cells was assessed by a modification of a previously described adoptive transfer system (31). Briefly, 10 7 MACSpurified B220 ϩ B cells isolated from TCR␣ Ϫ͞Ϫ mice that had been immunized 30-40 days previously with 2 ϫ 10 6 pfu VSV-IND were adoptively transferred i.v. into naive TCR␣ Ϫ͞Ϫ recipients. Two hours later the recipients were challenged with 2 ϫ 10 6 pfu UV-VSV i.v. Sera samples were isolated at various time points after challenge, and VSV neutralizing IgG titers were measured as described.
RESULTS
T Cell-Deficient Mice Produce Neutralizing IgG Responses to VSV. To explore whether mice congenitally deficient in T cells were capable of mounting anti-viral IgG responses, we examined the neutralizing antibody responses of TCR␣ Ϫ͞Ϫ mice after immunization with either live or inactivated VSV. TCR␣ Ϫ͞Ϫ mice produced high titers of neutralizing IgM antibodies early after challenge with live VSV or with UVinactivated VSV (Fig. 1A) , responses known to occur independently of T cell help (24) . Surprisingly however, TCR␣ Ϫ͞Ϫ mice given live VSV also developed neutralizing IgG antibodies, whereas those given inactivated VSV did not ( Fig. 1 A) . Similar VSV-neutralizing IgG responses were observed in TCR␤ Ϫ͞Ϫ mice given live VSV ( (Fig. 1C) . These results confirmed that for the induction of neutralizing IgG, live virus infection was more important than the ability to efficiently crosslink B cell receptors and suggested that the additional factors inducing class switching must be present within the local microenvironment.
T Cell-Independent VSV-Neutralizing IgG Responses Occur Independently of NK Cells or Complement Activation. Fragments generated after activation of the third complement component C3 can bind to complement receptors on the surface of B cells and greatly augment B cell responsiveness (33) (34) (35) (36) . Because VSV seems able to bind C3 (37), we assayed VSV neutralizing responses of TCR␣ Ϫ͞Ϫ mice after depletion of C3 with cobra venom factor (CVF) (28) . However, CVF treatment had no effect on the production of VSV-neutralizing IgG (Fig. 2) after live virus infection. NK cell activity may be an important mechanism in the early control of virus replication and spread (38, 39) . Furthermore, evidence exists that NK cells may provide B cell ''help'' for the production of IgG antibodies against T-independent (TI) polysaccharide antigens (40) . Although NK cell activity was enhanced during VSV infection (data not shown), depletion of NK cells by antiAsialoGM1 treatment had no effect on the development of VSV-neutralizing IgG responses in TCR␣ Ϫ͞Ϫ mice (Fig. 2) . (17) , which produced only very low titers of neutralizing IgG antibodies after VSV infection (Fig. 3B) .
Interestingly, whereas immunocompetent mice infected with VSV produced VSV-specific IgG of all subclasses (Fig.  4A) , TCR␣ Ϫ͞Ϫ mice produced very low levels of IgG1, IgG2b, and IgG3, but strikingly high levels of IgG2a antibodies (Fig.  4A ). IFN-␥ is known to promote switching to IgG2a production (5, 7), and depletion of IFN-␥ had a profound inhibitory effect on the production of VSV-neutralizing IgG antibodies by TCR␣ Ϫ͞Ϫ mice (Fig. 4B) and reduced the levels of serum VSV-specific IgG2a (data not shown). The need for linkage between the B cell activator and the cytokine to promote isotype switching was illustrated by the finding that TCR␣ Ϫ͞Ϫ mice infected with a recombinant vaccinia expressing IFN-␥ together with UV-inactivated VSV produced neutralizing IgM antibodies but not IgG (Fig. 4B) .
Analysis of intracellular cytokine expression by Thy1.2 ϩ spleen cells showed that around 97% of Thy1.2 ϩ C57BL͞6 spleen cells expressed CD3, with the vast majority (95%) being ␣␤ T cells (Fig. 5A) . After mitogenic stimulation, 17% of these cells produced IFN-␥ whereas none produced IL-4 (Fig. 5B) . In TCR␣ Ϫ͞Ϫ mice, around 70% of Thy1.2 ϩ spleen cells were CD3 ϩ , with 10% being TCR␤ ϩ and 60% expressing the ␥␦ TCR (Fig. 5 C and E) . Of the TCR␣ Ϫ ␤ ϩ cells, 43% expressed IFN-␥ and 7% produced IL-4 after in vitro stimulation (Fig.  5D ). Among the ␥␦ T cells, 66% produced IFN-␥ and none produced IL-4 after in vitro stimulation (Fig. 5F ). Thus, by considering the relative proportions of each subpopulation, we calculated that Ͼ90% of IFN-␥-producing cells present in TCR␣ Ϫ͞Ϫ mice were ␥␦ T cells. TCR␣ ؊͞؊ Mice Mount a Memory B Cell Response in the Absence of Germinal Center Formation. Germinal center formation and memory B cell development are generally assumed to be dependent on signals provided by CD4 ϩ ␣␤ T cells (8, 9) . To assess memory B cell development, we adoptively transferred purified B cells from VSV-primed TCR␣ Ϫ͞Ϫ mice into naive TCR␣ Ϫ͞Ϫ mice and challenged the recipients with UV-inactivated VSV. Although naive TCR␣ Ϫ͞Ϫ mice produced neutralizing IgM on challenge with UV-VSV, only those mice that received primed B cells generated neutralizing IgG antibodies (Fig. 6) , confirming that memory B cells had been primed in TCR␣ Ϫ͞Ϫ mice. To examine for GC formation, TCR␣ Ϫ͞Ϫ or C57BL͞6 mice were infected with VSV, spleens isolated at various time points thereafter and subjected to immunohistological analysis (25) . In both C57BL͞6 and TCR␣ Ϫ͞Ϫ mice 4 days after infection, VSV-specific B cells were predominantly located in the red pulp and marginal zone areas, with a few cells scattered through the B cell follicles (Fig.  7 A-D) . By day 12 after infection, VSV-specific GC could Proc. Natl. Acad. Sci. USA 95 (1998) clearly be detected in C57BL͞6 mice, as evidenced by the colocalization of VSV-specific B cells, PNA ϩ B cells and follicular dendritic cells (FDC) (Fig. 7 E, G, I , and K). However, VSV-specific GC were not detected in any of the TCR␣ Ϫ͞Ϫ mice examined and although some GC were observed, the few VSV-specific B cells present were found scattered in the follicles and red pulp (Fig. 7 F 
, H, J, and L).
Identical results were observed in spleens isolated 20 days and 32 days after infection (data not shown).
DISCUSSION
This study demonstrates that Ig class switching and memory B cell development can occur after viral infection independently of conventional ␣␤ T cell help and in the absence of specific GC formation. These findings contrast with previous observations that neutralizing IgG responses to VSV were strictly dependent on CD4 ϩ ␣␤ T cells (1), but parallel results obtained using athymic nude mice after infection with VSV (13) and T cell-deficient mice infected with polyoma virus, where B cells were capable of generating protective IgM and IgG antibody responses in the absence of T cells (15) . Similar results have also been reported for the T-independent antigen TNP-Brucella abortis, where nude mice produced higher levels of TNP-specific IgG than immunocompetent mice depleted of CD4 ϩ T cells (40) . These paradoxical observations highlight differences between the effects of acute depletion of T cells of normal mice versus the development of the immune system in mice congenitally deficient in T cells, which favors the development of compensatory mechanisms of innate immunity (41, 42) . Importantly, the levels of neutralizing IgG elicited by VSV infection of TCR␣ Ϫ͞Ϫ mice were about 16-fold lower than those elicited in immunocompetent mice. Thus, isotype switching occurs considerably more efficiently in the presence of CD4 ϩ ␣␤ T cells; the small amounts of neutralizing IgG that may have been generated via alternative mechanisms therefore may usually be masked. Interestingly, neutralizing IgG antibodies were only induced after live viral infection of TCR␣ Ϫ͞Ϫ mice, but not after injection of inactivated VSV. This was not due to inefficient B cell triggering, because comparable titers of neutralizing IgM antibodies were elicited by inactivated VSV. Because VSV does not measurably replicate extraneuronally in adult mice (43) it is unlikely that the observed differences were due to differences in antigen dose. Recombinant vaccinia virus expressing the VSV glycoprotein also induced neutralizing IgG in TCR␣ Ϫ͞Ϫ mice, although the titers were around 16-to 32-fold lower than those induced by live VSV. Because the recombinant vaccinia does not express the VSV-G in its envelope (32) , these results indicate that expression of VSV-G in a highly organized, repetitive form on the surface of VSV virions greatly augmented isotype switching. Importantly, polyoma virus, which is also able to induce neutralizing IgG responses in T cell-deficient mice, also has a highly organized, repetitive structure (44) .
IFN-␥ was an essential factor required for isotype switching in TCR␣ Ϫ͞Ϫ mice, because depletion of IFN-␥ drastically reduced the levels of VSV-neutralizing IgG. Our results suggest that the IFN-␥ must be produced in close proximity to the B cell activator, because coinjection of recombinant vaccinia virus expressing either an irrelevant antigen (LCMV-NP) or IFN-␥, together with UV-inactivated VSV, did not induce isotype switching. Therefore, some ''linked recognition'' or linked bystander event involving either the B cell alone or interaction with another cell must occur. The predominant isotype present in TCR␣ Ϫ͞Ϫ mice was IgG2a, the production of which is enhanced by IFN-␥ (5, 7). Previous studies have also found a striking preponderance of IgG2a antibodies after a range of viral infections (45, 46) , indicating that viral infection selectively triggers mechanisms that promote the production of this isotype. Our findings, together with those showing that IgG2a also predominates in nude mice infected with VSV (13) and in T cell-deficient mice infected with polyoma virus (15) Surprisingly, the VSV-neutralizing IgG responses of TCR␣ Ϫ͞Ϫ mice were not accompanied by antigen-specific GC formation, although we were able to confirm (12) that naive TCR␣ Ϫ͞Ϫ mice contained higher numbers of GC than naive C57BL͞6 mice (data not shown). These findings are similar to recent observations with gene-targeted mice deficient in tumor necrosis factor, leukotriene, or tumor necrosis factor-receptor I, all of which retain the capacity to mount IgG antibody responses in the absence of GC formation (47) (48) (49) . It has also been proposed that the development of memory B cells occurs within B cell follicles and may be facilitated by cognate interactions between ␣␤ T cells and B cells (8, 9) . Our results indicate that there is an alternative, albeit less efficient, pathway of B cell activation and maturation, which can occur independently of ␣␤ T cells and does not require the formation of GC.
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